ABSTRACT
INTRODUCTION
Dengue virus (DV) infection causes a life-threatening illness and it is considered to be the major human arbovirosis, affecting 50 -200 million people and leading to about 20 thousand deaths annually in most tropical urban centers [1] . DV is a small, enveloped virus with a positive, single-stranded RNA genome and is classified as a member of the genus Flavivirus within the Flaviviridae family [2] . DV has four genetically distinct serotypes and it is transmitted to humans through the bite of an infected mosquito from the genus Aedes [3, 4] .
Infection with any of the four dengue viruses may cause a wide spectrum of clinical features from asymptomatic disease, an undifferentiated febrile illness, dengue fever, dengue haemorrhagic fever (DHF)/dengue shock syndrome (DSS). Patients with DHF present haemorrhagic tendencies, plasma leakage, thrombocytopenia, and hemoconcentration [5] . Hepatic dysfunction in DV infection is demonstrated by hepatomegaly and increases in transminase levels [6] . Clinical severe liver involved severe bleeding [5] . Analyses of liver autopsies of individual with DHF revealed extensive areas of tissue damage with foci of necrosis, and apoptosis [7] . Viral antigens were detected near the lesion areas, suggesting an association between virus replication and hepatic damage. Hepatomegaly, liver enzyme abnormality [8] , occasional fulminant hepatic failure [9, 10] and histological changes [11] also illustrate the influence of DV infection on liver function.
For a successful resolution of infection, efficient activation of innate/inflammatory and acquired immunity are required to block pathogen replication and invasion, as well as to promote tissue clearance of the pathogens and/ or infected cells. The most prominent pro-inflammatory cytokines IL-1, IL-6, and IL-8 are produced early after pathogen recognition and play a pivotal role in eliciting the innate response as well as in priming and coordinating the adaptive immune response. However, if production is impaired, the innate response will be delayed and inefficient in clearing the pathogen. On the other hand, if production is not controlled by feed-back mechanisms, the persistence of cytokines will increase tissue damage and worsen the severity of the disease. Thus, quantitative time-related changes in cytokine gene expression during infection can be studied as functional markers of protective immunity and/or of the outcome of the disease [1, 12, 13] .
Pattern-recognition receptors (PRRs) are key proteins of the innate immune response that recognize conserved molecular patterns from a wide variety of microbial pathogens, including bacteria, fungi, protozoa and viruses [14] . Distinct classes of innate PRRs have been identified, the toll-like receptors (TLRs), the retinoic acid-inducible gene I (RIG-I)-like helicases (RLHs), the nucleotidebinding oligomerization domain (NOD)-like receptor (NLR) proteins and the peptidoglycan recognition proteins (PGRPs). TLRs and RIG-I-like receptor (RLRs) are responsible for triggering antiviral innate immune response [15] . Virus recognition by the innate immune system is a first host defense to prevent viral invasion or replication before more specific protections by the adaptive immune system are generated [14] . Accordingly, TLR3 and TLR8 recognize the distinct type of virally derived nucleic acids [16] . Recognitions of RIG-I and MDA5 (Melanoma Differentiation-Associated gene 5) are associated with the induction of inflammatory genes, dendritic cell migration, maturation, and activation of the adaptive immune response, which contribute to the elimination of the infection [12, 14] . Few reports demonstrate the involvement of PRRs in DV recognition [1, 12, [17] [18] [19] [20] [21] . However, no previous study demonstrates the response of hepatocytes after infection with D3V.
To gain a better understanding of the innate immune response and adaptive immune response to DV infection, we investigated the cytokines/chemokines, type I IFN and PRRs gene expression changes of hepatic cell linage, HepG2 infected with dengue virus serotype 3 (strain 16562) after 6, 24 and 48 hour post-infection (hpi) by qRT-PCR.
MATERIALS AND METHODS

Cell Culture and Virus Infection
Human hepatocellular carcinoma cells (HepG2/C3A, CRL-10741, Lot 58483225, ATCC, USA) were cultured on antibiotic-free Dulbecco's Modified Eagle Medium (DMEM, Invitrogen Life Technologies, CA, USA) supplemented with 5 mM glucose, 2 mM L-glutamine, 1% nonessential amino acids (NEA), and 10% fetal bovine serum in a CO 2 humid incubation chamber at 37˚C. Cells were seeded at a density of 10 5 cell per mL, and after 2 days, when they reached 80% -90% confluence, cells were either mock-infected or infected with D3V strain 16562 (MOI of 1 plaque forming units per cell). After 1 h, cells were washed and incubated with fresh medium for the indicated periods. For preparations of virus stocks, D3V was propagated in Aedes albopictus (C6/36) cells utilizing antibiotic-free MEM medium supplemented with 2 mM L-glutamine, 1% NEA, and 10% FBS in 28˚C.
Viral Titration by Plaque Assay
Viral titration was undertaken by plaque assay using Rhesus monkey kidney (LLC-MK2) cells. Cells were seeded in 6-well plates in DMEM (Invitrogen Life Technologies) supplemented with 10% inactivated FBS and 100 U/ml penicillin and 100 mg/ml streptomycin. Cells were maintained in a humidified incubator at 37˚C, 5% CO 2 for 3 day until they reached confluence. The medium was removed and the monolayer was infected with 200 µl of serially diluted virus samples. The plates were incubated for 1.5 h at 37˚C for adsorption. Subsequently, 4 ml of 2% SeaKem ® LE agarose (Lonza, St. Louis, MO, USA) mixed with Earl's balance salt solution supplemented with 2% inactivated FBS and 100 U/ml penicillin and 100 mg/ml streptomycin were added to each well. The plates were maintained in a humidified incubator at 37˚C, 5% CO 2 for 5 days. After this period, the cells were fixed with 10% formaldehyde at room temperature and the agarose plugs were removed. Plaques were visualized by staining with 1.25% crystal violet in 20% ethanol solution.
Viral Quantification by Taqman
Real-Time RT-PCR Viral RNA from D3V-infected C6/36 cell culture was isolated by using a PureLink Viral RNA/DNA Kit (Invitrogen, CA) according to the manufacturer's instructions, and viral RNA levels were quantified by real-time RT-PCR. Analysis was performed on Chromo4 Real-Time System (Bio-Rad, CA, USA). Primers were specific for a 73-bp region of the D3V prM gene [22] . The probe was labeled with the reporter dye Texas red at the 5' end and the quencher dye BHQ2 at the 3' end. Viral RNA copy numbers in the samples were calculated from a standard curve generated by using pre-quantified D3V-specific plasmid standards with known copy numbers.
thesis System (Invitrogen Life Technologies) according to manufacturer's instruction. The cDNA was diluted 1:10 and 1 µl of each sample was submitted to amplify with SensiFAST TM SYBR No-ROX Kit (Bioline, UK). The reaction was carried out for the selected genes using gene specific primers ( Table 1) on Chromo 4 Real-Time System (Bio-Rad). The samples were subjected to a initial denature step at 95 for 2 min, followed by 40 cycles of denature at 95˚C for 5 s, annealing at 60˚C for 10 s, and extension with data collection at 72˚C for 20 s. After each run, melting curves were acquired by stepwise increase of the temperature from 65˚C to 95˚C with a heating rate of 1˚C per min to ensure that a single product was amplified in the reaction. Amplification efficiencies were determined for all genes by standard cures which were established by serial dilutions of pre-quantified genes-specific plasmid standards with known copy numbers. Each of the amplifications was triplicates. Each gene was normalized relative to control of housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GPDH) mRNA. The fold-changes in expression of gene-specific mRNA between samples and control (mock) were calculated.
Statistical Analysis
Gene expression of cytokines, antiviruses, and toll-like receptors evaluated in mock-infected and D3V-infected HepG2 cells were compared by t-test. Values of p < 0.05 were considered to be statistically significant. The statistical program SPSS 11.5 (IBM, NY, USA) was used.
RESULTS
Viral RNA replication in HepG2 cells infected with D3V (strain 16562) for 72 h was determined by plaque assay of the virus released in the cell culture medium (Figure 1(a) ). Dengue viral replication in HepG2 cells was also determined by quantitative real-time RT-PCR, showing increasing viral RNA production until 48 h of infection (Figure 1(b) ). The results showed that new extracellular viral progeny reached maximum at 48 h. After 48 h, a degree of cell death becomes apparent and the experiment was terminated at 72 h (Figure 2) .
To assess changes in cellular gene expression upon D3V infection, HepG2 cell line was infected with D3V at MOI of 1. Total cellular RNA was extracted from infected and mock-infected cells at 6, 24 and 48 hpi. Steady state levels of mRNA accumulation were determined for 14 genes ( Table 1 ) by means of real-time PCR followed by melting curve analysis. Normalization of gene expression was carried out by assessing mRNA accumulation of a housekeeping gene (GPDH) in infected and mock-infected cell cultures. The normalized mRNA expression level of a cellular gene in D3V-infected cells was considered significant when it departed from its level in mock-infected cells two-folds, in either up-regulation or down-regulation. The approach enabled the identification of 14 genes differentially expressed in D3V-infected HepG2 cells (Figures 3 and 4) .
The highest sustained level of mRNA accumulation upon infection was observed for cytokine genes. The expression of seven cytokine genes showed significant upregulation of IL-1β, and IL-6 at 24 and 48 hpi (Figures  3(a) and (b) ). IL-1β expression reached a 20-fold increase at 24 hpi and 5-fold increases at 48 hpi, the highest mRNA accumulation observe in this study (Figure  3(a) ). Cytokine receptor IL-2Rα mRNA level showed a moderate accumulation at 24 and 48 hpi (Figure 3(c) ), while TGF-βIIIR expression downregulated up to 10-fold at 48 hpi (Figure 3(d) ). D3V infection significant affected the expression of several chemokine genes. Chemokine IL-8, MCP-2 and RANTES were upregulated at 24 or 48 hpi (Figures 3(e)-(g)) .
Changes in the expression of type I interferon were observed in D3V-infected HepG2 cells. IFN-α and IFN-β were affected upon D3V infection. While IFN-α mRNA level increased during course of infection times, IFN-β mRNA levels accumulated by 24 hpi and decreased by 48 hpi (Figures 4(a) and (b) ), respectively.
As with type I interferon response, expression of pattern recognition receptors (PRRs) is modulated rapidly in response to pathogens. We observed that TLR3 and TLR8 expression were upregulated at toward 48 hpi for 5-fold and 3-fold, respectively (Figures 4(c) and (d) ). RIG-I, MDA5, and MyD88 mRNA expression was also investigated during HepG2 infection with D3V. The analysis of RIG-I gene expression profile showed a 6-fold increase at 48 hpi (Figure 4(e) ). MDA5 mRNA level increased toward 48 hpi up to 9-fold (Figure 4(f) ). On the other hand, MyD88 mRNA level decreased for 3-fold at 48 hpi (Figure 4(g) ).
DISCUSSION
Hepatocyte dysfunction both in vitro and in vivo are a characteristic of dengue virus infection, especially in the severe cases for which fulminant hepatic failure has been reported [10] . Analyses of liver autopsies from individuals with DHF revealed extensive areas of tissue damage, with foci of necrosis and apoptosis and viral antigens were detected in Kupffer cells and hepatocytes near the damaged areas, suggesting an association between virus replication and hepatic damage [23] .
To further characterize the nature of host cell responses to infection by D3V, we used qRT-PCR to assess changes in expression of 14 cellular genes ( Table 1) involved in modulation of the host immune response in human hepatocyte (HepG2) cells. Human hepatocyte is a DV secondary target cell and seems to play a role in the outcome of the infection [24] [25] [26] as well as severe forms of DHF/DSS [23, 27, 28] .
In our study, IL-1β, and IL-6 cytokines showed significantly higher levels of expression upon infection (Figure 3(a) ). IL-1β may be one of the factors that mediate dengue pathogenesis since it is a primary inducer of fever in cultured endothelial cells. IL-1β induced synthesis of prostaglandins E2 and I2, and platelet-activating factor, which were potent vasodialators and orchestrate a cascade of biochemical event that lead to vascular congestion, clot formation, cellular infiltration and endothelial leakage [29] . We found a significant increase in the expression of IL-1β mRNA induced by D3V at 24 and 48 hpi. This result was consistent with other reports in which IL-1β was found in both DF and DHF patients [2, 30] . IL-6 is multifunction cytokine that plays a central role in host defense due to its wide range of immune and hepatopoietic activities and also its potential ability to induce the acute phase response of inflammation. Several reports demonstrated elevated level of IL-6 in DV infected patients and hepatic cells [31] [32] [33] . In agreement with our results, IL-6 mRNA level progressively increase during the course of infection can be correlated with the involvement of the liver in DHF and DSS in vivo. IL-6, as well as IL-1, is able to activate endothelial cells leading to the release of IL-8 and MCP, expression of adhesion molecules, and recruitment of leukocytes to inflammatory sites [34, 35] . Both cytokines are potent inducers of vascular permeability and mediate pathologic changes including high fever, coagulation defects, and bleeding observed in infections with some single-stranded RNA viruses Pattern recognition receptor (PRRs)
House-keeping
The slight accumulation of IL-2Rα mRNA was observed by 24 hpi coincides with a down-regulation of TGF-βIIIR (Figures 3(c) and (d) ). IL-2 Receptor is specific cell surface receptor on lymphocyte. IL-2Rα has been reported to be a marker of lymphocyte activation [37] . TGF-β has been shown to be associated with development of DHF/DSS [5] . While IL-2 mediates signaling through IL-2R, stimulating a set of complex signal transduction pathways resulting in cell proliferation, signaling through TGF-βIIIR-Smad results in inhibition of cellular proliferation, enhancement of matrix accumulation, and suppression of inflammation [38] . The putative shift we have observed, towards induction of cell proliferation suggested by IL-2R up-regulation coupled with TGF-β IIIR down-regulation, may stimulate virus replication. In our study was consistent with stimulation of PBMCs by IL-2, the ligand for IL-2 receptor, induces replication of a variety of HIV strains [39] .
The elevated levels of IL-8, and RANTES mRNAs was also observed in infected HepG2 cells (Figures 3(e)  and (f) ). IL-8 is another important cytokine that acts as chemoattractant cytokine in inflammatory processes. Moreover, IL-8 also destroys tight-junction and cytoskeleton reorganization, resulting in increased vascular permeability [40] . Its relation to TLR pathway in DV infection has also been shown in HEK 293 cells that expressed TLR3, 7, 8 and enables IL-8 secretion after virus recognition [19] . As observed for IL-6, a correlation between IL-8 levels and the severity of dengue diseases has also been demonstrated [41] . RANTES is chemokine capable of recruiting lymphocyte and NK cells to the sites of inflammation [42] . Our results showed a strong induction in RANTES expression in D3V infected HepG2 cells (Figure 3(f) ), in accordance with other reports which showed the up-regulation of its transcription and secretion in hepatic cells infected with D2V [1] . MCP-2 is upregulated during HepG2 cells infected with D3V ( Figure  3(g) ). MCP-2, like RANTES signal through CCR5, CCR2, and CCR3 receptors contributing to vascular permeability [43] . Based on these observations, one can speculate that DV recognition during its replication in liver stimulate the expression of IL-1β, IL-6, IL-8, RANTES, and MCP-2 as well as IL-2Rα enhancing the overall cytokine production observed in the pathogenesis of dengue disease.
Type I IFN responses function as the first line of defense against viral infections. Several viruses have been shown to inhibit type I IFN production in infected cells. DV can target the IFN production pathway in infected cells as an additional immune evasion strategy. On the other hand, several DV proteins have been identified in recent years to be involved in the inhibition of type I IFN signaling in infected cells. By inhibiting this important pathway, the virus is able to stop the induction of hundreds of IFN inducible genes with antiviral functions that may impair several aspects of the virus cycle [44] . A temporal pattern of accumulation of type I interferon mRNAs was observed upon infection of D3V-infected hepatocytes. IFN-α transcripts decreased more than 5-folds by 48 hpi (Figure 4(a) ), while the opposite trend was observed for IFN-β mRNA, with a 2-fold decrease by 48 hpi (Figure 4(b) ). Like many viruses, dengue inhibits IFN-α and IFN-β signaling by suppressing Jak-Stat activation, resulting in reduced host antiviral response [45] . The combination of a reduced host defense, increased uptake of the virus and delayed viral clearance likely synergizes to produce higher viremia resulting in a more severe outcome.
In our study, we observed toll-like receptors (TLRs) and RIG-I-like receptors (RLRs), which were responsible for triggering antiviral innate immune responses [15] . TLR3 and 8 are implicated in nucleic acid sensing and usually are responsible for virus recognition [16] . RIG-I (a) and MDA5 are cytoplasmic RNA helicases that sense dsRNA and can detect intracellular viral products [46] . We found that TLR3 mRNA expression progressively increased during the time course of D3V infection ( Figure  4(c) ), which coincided with the increase seen in the viral RNA (Figure 1) . TLR3 detects double-stranded (ds) RNA which is produced only while the virus is replicating, when the positive-sense genomic RNA is transcribed in a negative-sense complementary strand that was indeed detected during the time course of infection of HepG2 cells (Figure 4(c) ). On the other hand, an increase in TLR8 mRNA production is observed only at late stage of dengue virus infection (Figure 4(d) ). Therefore, the difference profile of mRNA expression of these two TLRs may be explained by the fact that TLR3 sense dsRNA and TLR8 sense ssRNA [47] . RIG-I, MDA5 and MyD88 are PRRs located in the cytosol that, like TLR3, sense dsRNA [46] . RIG-I is a RNA helicase containing two caspase-recruiting domain (CARD)-like domains. Overexpression of RIG-I confers antiviral responses [46] . MDA5 is structurally similar to RIG-I, which also contains two CARD-like and a single helicase domains, and is suggested to mediate antiviral responses [46] . MyD88 is a central adapter shared by almost all TLRs. The association of TLRs and MyD88 recruits members of the interleukin-1 receptor-associated kinase (IRAK) family [46] . We found that the expression of both RIG-I and MDA5, but not MYD88 genes was greatly induced in HepG2 cells infected with D3V (Figures 4(e)-(g) ). These results are in agreement with other studies which demonstrated that the involvement of RIG-I and MDA5 in DV recognition in other non-immune cell lines [1, 20, 21, 48] and suggest an important role of these two receptor in DV recognition by human liver cells.
CONCLUSION
The induction of IL-1β, IL-6, IL-8, RANTES, MCP-2, IFN-α and IFN-β as well as IL-2Rα genes constitutes another evidence that HepG2 cells respond to D3V through the activation of PRRs such as TLR3, TLR8, RIG-I and MDA5. In contrast, TGF-βIIIR and MYD88 down-regulation can be seen as a viral mechanism to escape from cellular defense response, as it is clear that viruses along their evolution develop ways to avoid host reaction [49] . Thus, it seems that both antiviral defense mechanisms and viral-induced strategies to assure replication are involved in interaction between D3V and hepatocytes and may contribute to pathogenesis. Therefore, the results presented here comprise part of the initial steps to guide the efforts toward the elucidation of the mechanisms triggered by D3V to activate innate immune response in liver cells.
